Male infertility is a complex condition, and for the most part, all men produce defective spermatozoa, but infertile men have a tendency to produce more. Despite attempts to classify infertility, there is no definitive test. One approach would be to use protein biomarkers; however as yet, we still do not understand proteins that are differentially expressed within defective spermatozoa. As such, we took nine men (fertility status unknown) and used Percoll density gradients to isolate a population of good-and poor-quality sperm. For four of these men, we also obtained multiple ejaculations. The most noticeable differences between the Percoll-isolated fractions were motility and CMA3 staining. While the good sperm fraction produced cells with at least 80% forward progressive motility and low levels of CMA3 staining, the poor-quality sperm demonstrated less than 10% forward progressive motility and higher levels CMA3 staining. Using the technique of sequential window activation of all theoretical mass spectra, we quantified 2774 proteins and found 171 proteins to be significantly more abundant in the good sperm fraction, while 104 proteins were significantly more abundant in the lower sperm fraction (adjusted Benjamini-Hochberg significance of P < 0.018, minimum 2-fold difference).
Introduction
Male infertility is a relatively common issue, and affects somewhere between 7%-15% of men globally [1, 2] . The American Society of Reproductive Medicine defines infertility as an inability to achieve a pregnancy through natural means after 1 year [3] . However, this current definition, despite its acceptance worldwide, needs to be revisited since 50% of couples that fail to achieve a pregnancy in the first year, will conceive naturally in the second year of trying [4] .
To define the fertility potential of a man, a semen analysis is undertaken, whereby sperm cell numbers, morphology and motility are counted. The values obtained for these parameters are then compared to the World Health Organization (WHO) "standards" and if any results are inconsistent with what is considered "normal," then the male is classified as infertile [5] . However, defining fertility based on sperm cell parameters has proven problematic. So problematic that since 1987 the WHO has published five editions of their manual, each of which redefines their cut-off values for male-factor infertility [6] . Despite these complications, a semen analysis remains the sole marker for a man's fertility, even though it clearly falls short of a true diagnosis [7, 8] . Indeed, several studies have shown that men with sperm counts [9] [10] [11] , morphology [10, 12] and motility [6, [13] [14] [15] [16] [17] [18] below the thresholds outlined by the WHO can be fertile. Furthermore, there are many instances of men with normal (WHO) sperm parameters that are infertile [15, [19] [20] [21] . In recognition of the limited ability of descriptive semen analyses to predict infertility, additional tests have been developed, which include DNA damage assessment [22] , acrosome reaction tests [23] , egg-and zona-penetration assays [24] , antisperm antibody testing [25] , aneuploidy screening [26] , hyaluronic acid binding [27] , and DNA methylation status [7] . Although helpful, the predictive values of these tests are suboptimal [28] , and the need for improved diagnostic tools to evaluate male infertility is widely accepted [29] .
In addition to needing better diagnosis for male infertility, it is still unclear what is occurring at the cellular level causing sperm to become defective. Using the technique of quantitative proteomics, we have shown that the protein outer dense fiber 1 (ODF1) is markedly reduced within infertile men that produce normal sperm numbers, with normal morphology and motility according to the WHO standard [30] . Furthermore, in sperm lacking ODF1, it is quite apparent that there is a weakness between the head and neck region, such that, in the event of stress (albeit artificial freezing of the sample), the cell becomes decapitated [30] . Thus, although the loss of ODF1 can be used as a better biomarker to predict the fertility of a man, it is far from a global standard, as many "infertile" men clearly have normal amounts of this protein [30] .
The aim of this study was to understand what constitutes a "poor sperm." Thus, we performed a proteomic analysis of good (90%-Percoll) and poor (60%-Percoll) quality spermatozoa from nine different men. From four of these men we also obtained multiple donations to see if the protein compositions changed. To achieve this, we took advantage of the notion that all men produce "defective" sperm (but sub-or infertile men produce more defective sperm), and isolated two populations of spermatozoa. This was achieved through Percoll density centrifugation [31] which consistently isolated sperm with poor motility and high chromomycin A3 (CMA 3 ) staining. The latter has been highly (negatively) correlated to poor traditional IVF outcomes [32] . Using the quantitative proteomic analysis SWATH-MS or sequential window activation of all theoretical mass spectra, we found 171 proteins to be significantly more abundant in the good sperm fraction, while 104 proteins were significantly more abundant in the lower sperm fraction (adjusted Benjamini-Hochberg (B-H) significance of P < 0.018, minimum 2-fold difference). Expression profile differences in many of these proteins offer insights into why men may produce defective sperm cells.
Materials and methods
All chemicals were purchased from Sigma-Aldrich at the highest research grade, with the exception of albumin and ammonium persulfate (Research Organics, Cleveland, OH, USA), Percoll (GE Healthcare, Castle Hill, NSW, Australia), HEPES (Gibco, Invitrogen Australia, Melbourne, VIC, Australia), and 10× Hams F10 (MP Biomedical, Seven Hills, NSW, Australia). D-glucose, sodium hydrogen carbonate, sodium chloride, potassium chloride, calcium chloride, potassium orthophosphate, magnesium sulfite were all AnalaR grade. Chloroform, methanol, and formaldehyde were purchased from Fronine (Riverstone, NSW, Australia) at the highest purity available. Ultrapure water was from Fluka (Castle Hill, NSW Australia), Tris from ICN biochemicals (Castle Hill, NSW, Australia), and the precast SDS gels were from BioRad (NSW, Australia).
Preparation of human spermatozoa and ethics
The study population was comprised of a group of unselected donors who were free of any detectable organic disease. Institutional and State Government ethical approval was secured for the use of human semen samples in this research program. The semen samples were produced by masturbation and processed using Percoll gradient fractionation as described previously [33] . The sample was treated with anti-CD45 beads as described elsewhere to rid of any contaminating leukocytes [34, 35] . The sample was loaded onto a 90%/60%/30% discontinuous Percoll gradient. The 90% Percoll was made up by adding 90 mL of Percoll with 10 mL 10× Ham's F10. To make up the other gradients, 6 mL of the 90% Pecoll was diluted with 4 mL of Bigger, Whitten and Whittingham media (BWW) (technically 54% Percoll, but herein referred to as 60% Percoll), and 3 mL of 90% Percoll was diluted with 7 mL BWW (technically 27% Percoll but herein referred to as 30%). To produce a Percoll gradient, 2 mL of the 90%, followed 2 mL of the 60% and 30% Percoll, was overlayed consecutively in a 15 mL plastic falcon tube. Following centrifugation (30 min, 500× g), the sperm from the 90% Pellet and the 90%/60% interface were taken. The samples were washed three times in BWW media for 2 min at 500× g then aliquoted out for further analysis.
Semen analysis
The raw semen was analyzed using the criteria outlined by the WHO for motility and morphology [5] . In the case of morphology, approximately 10 μL of sample was smeared onto a slide, previously treated with poly-L-lysine and air-dried. The sample was fixed in methanol for 30 s, drained, and then stained for 30 s in methylene blue (research organics; 11.1 mg in 10 mL 100 mM phosphate buffer, pH 6.6). The sample was rinsed with water then stained for 30 s in Eosin Y (12.2 mg in 10 mL phosphate buffer, pH 6.6). After this, the sample was rinsed with tap water, air dried, and mounted in immersion oil.
Hyperactivation
Sperm were left to incubate for 16 h in BWW containing 3 mg/mL bovine serum albumin (BSA). After this, sperm were viewed using a 20 μL droplet of the sample, and the cells demonstrating the characteristic figure-of-eight pattern reminiscent of hyperactivation were scored.
Sample lysis
Sperm pellets were resuspended in a lysis buffer consisting of 1% (w/v) C7BzO 
SWATH-MS analysis
Label-free SWATH-MS analysis was performed using the nanoLCUltra (Eksigent) system operating with both a trapping and resolving column. In each run, 1 μL of the tryptic digested sperm peptides was loaded onto the trap column (200 μm × 0.5 mm Chrom XP C18-CL, 3 μM, 120 Å), washed for 5 min at 2 mL/min with 2% mobile phase B (mobile phase A consisting of 0.1% formic acid and mobile phase B consisting of 0.1% formic acid and 80% acetonitrile (ACN)). The sample was then eluted directly on the reversed phase column (75 μm × 15 cm ChromXP, C18, 3 μm, 120 Å) using a linear gradient from 7% B to 30% B at a running speed of 300 nL/min over 90 min. The eluted peptides were analyzed in either data-dependent or SWATH acquisition mode in a time-of-flight mass spectrometer (TripleToF 6600 system, SCIEX, Sydney, Australia).
Spectral library concatenation
In order to accommodate the variation of sperm properties of different men, six different donors were used to build the spectral library. For this cause, both the 60% and 90%-Percoll-derived samples were used and in data-dependent mode. Herein, 20 of the most intense peaks found in the MS survey scan covering m/z 400-1250 were selected for MS/MS fragmentation. The precursors were then excluded for 30 s after being selected and m/z-dependent collision energy setting with the energy spread of 5 eV was used. The data-dependent files were searched through ProteinPilot v 5.0 software with SwissProt database to generate the peptide spectral library for identification using a false discovery rate (FDR) threshold of 1%.
SWATH analysis
SWATH experiments were conducted at a constant Q1 window width with 1 Da overlap covering the m/z range from 400 to 1250 in high-sensitivity product ion scan mode at a fixed cycle time of 4 s. m/z-dependent collision energy was applied with no energy spread for Q1 widths of 3 Da and energy spread of 15 eV for Q1 widths (Da) of 6.25, 12.5, and 25. Peakview software (version 2.2.0; AB Sciex) was employed for peak extraction and spectral alignment using the following parameters: number of peptides = 5, number of transitions = 10, peptide confidence = 95%, extracted ion chromatogram (XIC) extraction window = 3 min, XIC width = 30 ppm. Two of the biological replicates were found to have variation in total ion chromatogram and as such, the volume of peptide was adjusted (no more than 1.5 μL) and these samples were rerun. SWATH files were then exported to MarkerView software (version 1.3.1; AB Sciex), and the summed intensity of the peptides for protein and the area under curve of the ions taken as output results. The 60% sperm populations were then compared to the 90% fractions using Student t-test (note, the 30%-Percoll-derived cells were discarded due to heavy round cell contamination). Only those proteins that changed at least 2-fold were considered further (please note that the supplementary tables however have all the data of the fold regulation), and the P value was adjusted using the B-H correction [37] and in this case, significant values were obtained when P < 0.019.
Immunofluorescence
Immunofluorescence was performed as described elsewhere [38] . Briefly, coverslips were precoated with a 0.01% poly-L-lysine solution, and then air-dried and washed in phosphate buffered saline (PBS). A 50 μL aliquot of spermatozoa was added to the slide for 10 min at room temperature (RT). The cells were permeabilized using methanol for 10 min (4
• C) and excess solution was washed off with PBS. The cells were then blocked for 1 h using a 3% solution of BSA in PBS at 37
• C. To these cells, a 1:50 dilution of antibody raised against ADAM32 or ODF1 (Santa Cruz, IgG 1 kappa light chain) in PBS containing 1% (w/v) BSA was added overnight at 4
• C.
After incubation, cells were washed in PBS four times for 5 min and then incubated for 1 h at 37
• C with either FITC-conjugated, goat anti-rabbit, or goat anti-mouse at the concentration of 1:400 in PBS containing 1% (w/v) BSA for the ADAM32 or ODF1, respectively. The cells were then washed as described above and mounted in the antifade medium, Mowiol. A fluorescence microscope (Axio Observer, Zeiss, Jena, Germany) was used to detect the FITC signal.
Immunoblotting
Following SDS-PAGE, the proteins were transferred onto nitrocellulose hybond super-C membrane (GE Healthcare, Sydney, Australia) at 350 mA constant current for 1 h. The membrane was blocked for 1 h at RT with Tris-buffered saline (TBS;0.02 M Tris-HCL, 0.15 M NaCl, pH 7.6) containing 3% (w/v) BSA. The membrane was then incubated for 2 h at RT in a 1:1000 dilution of a monoclonal antibody anti-β tubulin, anti-ADAM 32, and anti-ODF3 (Sapphire Biosciences, Waterloo, NSW, Australia) all in TBS containing 1% (w/v) BSA and 0.1% (v/v) Tween. After incubation, the membrane was washed four times for 5 min with TBS containing 0.1% Tween-20 and then incubated for 1 h at RT with goat antirabbit immunoglobulin G horseradish peroxidase (HRP) conjugate, at a concentration of 1:1000 in TBS containing 1% (w/v) BSA and 0.1% (v/v) Tween-20. The membrane was again washed as described above, and immune-reacted proteins were detected using a Charged coupled device (CCD) camera using enhanced chemluminescence (LAS; GE Healthcare, Castle Hill, NSW Australia) according to the manufacturer's instructions. Where required, stripping of the blots was performed as described elsewhere [38] . The freely available software image J was used to quantify protein bands within the gel.
CMA 3 Staining
A total of 1 × 10 6 sperm cells were resuspended in 100 μL of 2% paraformaldehyde/PBS and incubated at 4
• C for 15 min. Samples were then centrifuged at 900 g, washed three times in PBS, and then stored in 25 μL PBS-glycine overnight at 4
• C. Ten microliter of sample was mounted on these coverslips that were previously pretreated with 40 μL poly-L-lysine for 10 min, then washed in distilled water, and air-dried. Samples were then washed in a solution of PBS, and 50 μL of 0.2% Triton-X 100 aliquoted onto each coverslip. Slides were incubated at 37
• C for 15 min and then washed in McIlvaine buffer. Twenty-five microliter of CMA 3 working solution was added to each coverslip and incubated at RT for 20 min. Coverslips were then rinsed in McIlvaine buffer and placed on microscope slides with 10 μL of Mowiol per coverslip. Slides were then analyzed using fluorescence microscopy. Cells which demonstrated faint, ambiguous CMA 3 staining were considered CMA 3 negative.
Digestion of gel plug
Following sperm lysis, the sample was run in SDS-PAGE and a gel plug of approximately 1 mm × 1 mm was excised in the area interest. The plug was placed into a V-bottom 96-well plate, and dehydrated using 50 μL of 50% methanol solution buffered with 25 mM ammonium bicarbonate. The supernatant was removed after 30 min and this was repeated three times. After this, 20 mL of a 10 mM DTT was added for 45 min. The supernatant was then removed, and 20 mL of 50 mM iodoacetamide was added in the dark for 60 min. Following washing of the plug with 50% methanol, 20 mL of trypsin (10 ng/mL) was added and then allowed to incubate for at least 5 h. The resulting peptides were extracted by double application of 20 μL of 50% ACN/0.1% trifluroacetic acid and the extracts combined.
Results

Sperm preparation for proteomics
The aim of this study was to identify a cohort of proteins that were differentially expressed within poor-quality sperm cells. By taking advantage of the fact that men (regardless of their fertility status) produce good and poor-quality spermatozoa in every ejaculate, we first performed Percoll fractionation on human spermatozoa with the intent to isolate the different fractions. Routinely, this is performed using density gradients of 45% Percoll which is overlayed on a 95% Percoll isotonic gradient [31, 33, 39] . When we visually inspected the cells that were present on the 45%/95%-Percoll interface, we noticed in several preparations that round cells (most likely precursor germ cells as the semen was first treated with anti-CD45 beads to remove any leukocytes) were still present (see example in Supplementary Figure SI ). Given that with a proteomic analysis, one of the most important considerations is the purity of the sample preparation, we undertook further investigation to improve the separation of the fractions. For this cause, several different Percoll preparations were attempted, ranging for 10%-80%. From this analysis, we noticed that "round cells" migrated to the ∼30%-Percoll interface. However, round germs cells were absent in the 60%-Percoll layer (no round cells detected at all using phase microscopy on at least 10 phase contrast sections). This is in accord also with others who have shown that a similar density of Percoll removes immature germ cells [40] . Thus, in our hands, the optimal preparation of pure spermatozoa was found with using a 90%/60%/30% Percoll overlay.
Sample size Table 1 outlines the donation scheme from each man. In short, nine men were used in this study, with multiple ejaculates coming from four of these men. The original semen analysis of each man is given, which includes sperm motility, morphology, and cells numbers. In addition, the age of each consenting adult is shown. Finally, since these donations were unselected (i.e., we did not know the fertility status), we determined if the sperm could undergo hyperactivation. The percentage hyperactivation achieved after 16 h of incubation is shown ( Table 1) .
Characterization of the 60% and 90%-Percoll-derived sperm fractions
A comparison of the two Percoll fractions demonstrates two major differences. In the poor-quality fraction (60%-Percoll interface), on average 10% (±8%) of the population were shown to have forward progressive motility ( Figure 1A ). In contrast, this same motility was consistently above 90% (±10%) in 90% fraction (P < 0.001, n = 6). Thus, the poor-quality sperm fractions are defective in terms of their motility (asthenozoospermic). Secondly, CMA 3 was used to compare the chromatin integrity of 90%-Percoll-derived spermatozoa against 60%-Percoll-derived spermatozoa. CMA 3 is thought to bind to GC-rich DNA sequences where protamines are normally present [41] . Importantly, higher rates of CMA 3 positive staining are associated with poor sperm morphology, a failure of the sperm chromatin to decondense during Intra Cytoplamic Sperm Injection (ICSI) and lower rates of fertilization [32, 42, 43] . On average, we found 10% of the good-quality sperm had CMA 3 staining (±5% in Figure 1B . Clearly, both the amount and intensity of staining is higher in the 60%-Percoll fraction ( Figure 1B , lower image), compared to the 90% ( Figure 1B, upper image) . Together, these data suggest that not only would the poor-quality sperm be unable to fertilize an egg (due to the extremely poor motility), but defects in chromatin compaction is a major issue associated with these cells.
SWATH acquisition
The experimental scheme of this study is shown in Supplementary  Figure SII . Good and poor-quality human spermatozoa were prepared on Percoll gradients, lysed, digested using trypsin, and ultimately compared using a SWATH-MS analysis. The idea behind this work was to identify differentially expressed proteins that could predict poor-or good-quality sperm. Although we could have chosen to "pool" the samples to avoid individual differences, our aim was to determine if any "common" protein changes could be found in each of the biological replicates. This way, we could decipher the frequency of individual protein changes that occur within poor-quality spermatozoa.
To build the SWATH-MS library, randomly selected samples from six men were used and the Percoll fractions of both the 60% and 90% were run (making 12 samples in total). A traditional datadependent acquisition mass spectrometry analysis is described in the Methods section. Six libraries were obtained in total. The spectral library contained 2774 distinct protein groups that comprised of 26 586 peptides with greater than 99% confidence (less than 1% FDR).
Following generation of the spectral library, we quantified the sperm donor samples that had been previously processed through Percoll gradients. The 90% and 60%-Percoll interface was used and a SWATH-MS approach performed. Following trypsin digestion, a 90 min reversed gradient was performed on a nano-LC instrument. We overlayed the total ion chromatograms to ensure (i) equal amounts of peptides were being loaded onto the nano-LC column and (ii) the retention time of peptides did not exceed 30 s from any other chromatogram. For the latter, we chose five peptides from two proteins and performed an extract ion chromatogram.
The SWATH data were submitted to the PeakView software (Version 1.2 AB Science) for targeted data extraction. From this analysis, using the combined library, 2774 proteins were quantified in all the biology replicates (FDR < 1.0%). Relative quantification was analyzed by exporting the data to Markerview (Version 1.2.1 AB Sciex). The data were then loaded onto the freeware statistical package Persues. All the samples were then Log2 transformed and the data normalized to the median of each individual run. We then performed a Student t-test to determine relative quantification differences by grouping the 60%-Percoll samples and the 90%-Percoll samples. Finally, we used a B-H multiple test correction to report statistically relevant changes. Only those proteins that demonstrated a minimum of 2-fold change and a corrected P < 0.019 were considered to be significantly different. Supplementary Table SI lists the total proteins (including the B-H correction) that were found to be differentially expressed between the samples.
In total, we found that 171 proteins were found to be significantly (B-H corrected) higher expressed in the good-quality (90%-Percoll derived) spermatozoa, while 104 proteins were significantly lower expressed in the poor-quality (60%-Percoll derived) sperm populations. For ease of use, those proteins were found more abundant in either 60% Percoll or 90% Percoll, which can be found in Supplementary Tables SIII and SIV, respectively. In order to determine if we could independently separate out the two populations of spermatozoa, we performed a principal component analysis (PCA). PCA takes all the variables that move in the one (same) direction (for example, proteins with more abundance in 90%-Percoll-derived sperm) and groups them into the first component. PCA then takes a second set of variables that all move in the same direction (for example, proteins more abundant in 60%-Percoll fraction) and determines which samples group together. As shown in Figure 2 , samples derived from the 60%-Percoll interphase (blue triangles) could easily be distinguished from those derived from the 90%-Percoll-derived interface (red squared). This demonstrates that using a proteomic approach, it would be possible to "classify" a sperm sample as either good or poor quality.
An example of the individual data is shown in Figure 3 . Here, the normalized Log2 integrated peptide counts are shown for the protein Annexin A3 (Anxa3) for each biological and technical replicate. There is a clear difference between spermatozoa obtained from the 60%-Percoll interface to those of the 90%. The SWATH analysis reported a 9-fold difference, with Anxa3 found to be more abundantly expressed within the 60%-Percoll spermatozoa.
A second example of a protein that shows a major discrimination between good-and poor-quality sperm is presented in Figure 4 .
In this case, the protein coiled-coil domain-containing protein 183 (CCDC183) is highly abundant in the good-quality spermatozoa. The ortholog of CCDC183 in Drosophilia (CCDC151) is essential for the proper construction of cilia [44] . Thus, a lack of CCDC183 in human sperm may explain why these cells have such poor motility.
Bioinformatic analysis
In order to determine if key pathways were involved in the development of poor-quality spermatozoa, pathway enrichment analysis was undertaken using DAVID bioinformatics. Two separate analyses were performed, one including those proteins that were found to be at least 2-fold more abundant in the 90% (good quality) Percoll derived spermatozoa and another containing proteins that were found to be 2-fold more abundant in the 60%-Percoll (poor quality) spermatozoa. Pathway analysis for proteins that were enriched in the 90%-Percoll-derived fractions showed significant enrichment terms for microtubule motor activity and binding (Figure 5A ). Both terms are consistent with the poor forward progressive Table 1 from the poor (60% Percoll) and good (90% Percoll) quality sperm are shown.
motility within the 60%-Percoll-derived fraction. Interestingly, proteins that were more abundant in the 60% fraction included those found within the "structure of cytoskeleton" ( Figure 5B ). This is in keeping with the notion that the 60%-Percoll-derived spermatozoa have excess residual cytoplasm. Furthermore, some cytoplasmic proteins including tRNA and translational initiation were also present and suggest that these proteins are not removed in the poor-quality spermatozoa.
Western blot validation
We chose two proteins for validation by immunoblotting using sperm samples that were fractionated into either the 90% Percoll or 60%-Percoll interface. The candidate proteins were selected based on either the dramatic fold enrichment or involvement in areas of key sperm function. These included ADAM metallopeptidase domain 32 (ADAM32; previously known as a disintegrin and metalloproteinase domain 32)(Supplementary Table SI) and outer dense fiber of sperm tails 3 (ODF3). In both cases, the SWATH analysis demonstrated that the proteins were more abundant within the 90%-Percoll sperm populations compared to the 60% Percoll. An immunoblot using the anti-ADAM32 antibody demonstrated major bands of 55 and ∼40 kDa ( Figure 6A ). Therefore, we postulated that the cross-reactive bands at 55 and 40 kDa was a cleavage product, often seen within the ADAM family of proteins which has a predicted size of 87 kDa. To confirm this, we ran sperm protein lysate in SDS-PAGE, and excised the gel at the precise molecular mass corresponding to the 55 (upper arrow) and 40 kDa (lower arrow) bands ( Figure 6A) . A datadependent analysis of the extract peptides was performed following LC-MS (on the 6600 Q-ToF), and ADAM32 was identified demonstrating the presence of this protein at these positions. Using image J, we plotted the intensity of each band within the immunoblots and showed that the lower (40 kDa) band were more intense in the 90%-Percoll sperm populations compared to the 60% Percoll ( Figure 6C ). The upper band (55 kDa) did not appear to change ( Figure 6B ). An antitubulin (lower blot) was used as a reference loading control ( Figure 6A, lower blot) . Interestingly, only the 40 kDa band underwent a change. These data suggest that some portion of the 40 kDa band is further processed in poor-quality spermatozoa, while the top band (55 kDa) is not.
To visualize ADAM32 within the two sperm Percoll populations, immunocytochemistry analysis was performed. ADAM32 was found throughout the entire flagella, and we noticed that more endpiece staining was seen in the 90%-Percoll sperm population ( Figure 6D , arrows) compared to the 60% Percoll ( Figure 6E ). These data confirmed both the SWATH analysis and immunoblot image and suggest that while ADAM32 is present in both sperm population along the flagella in a cleaved state, however, less ADAM32 is present in the endpiece of poor-quality spermatozoa.
An immunoblot against ODF3 is shown in Figure 7A . A 30 kDa band (the predicted size of ODF3, arrow) that cross reacted with the antibody can be seen to be higher in the 90%-Percoll sperm population compared to the 60% Percoll once again confirming our SWATH analysis. Plotting of the band intensities using Image J also confirmed this observation ( Figure 7B ). Although we saw other cross-reacting bands, we have not determined if these are ODF3 "hijacking" onto other proteins or simply nonspecific bands ( Figure 7A ). In order to determine the location of ODF3 within goodand poor-quality sperm we performed immunofluorescence. The results of these data were spectacular. Within the 60%-Percoll sperm populations, we consistently observed full flagellum staining (Figure 7C) . Occasionally, we also noted some head staining. However, within the 90% sperm Percoll populations, we could only visualize midpiece or midpiece plus head staining ( Figure 7D ). These data clearly show that the two sperm populations are very different in terms of ODF3 staining.
Discussion
Since 1980, when the WHO published their first edition on the standards for a semen analysis, there has been a "scientifically" derived definition of male-factor infertility. In the most obvious cases, a Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/2/395/4710311 by OUP site access user on 04 October 2018 Figure 5 . Gene ontology analysis. Gene ontology analysis of proteins that were (A) 2-fold more abundant in the 90%-Percoll-derived spermatozoa or (B) 2-fold more abundant in the 60%-Percoll-derived spermatozoa. Only those proteins that were found to be significantly regulated (B-H correct, >2.0-fold regulated) were analyzed using DAVID bioinformatics. Shown are the significant enrichment terms for biological process.
semen analysis is all that is required to ascertain fertility status. These include, but are not limited to, obstructive/nonobstructive azoospermia [45] , where no sperm are produced in the ejaculate; globozoospermia, which in 70% of cases is caused by a mutation in the dpy-19 like 2 gene (DPY19L2) and leads to sperm with large round heads [46] and complete asthenozoospermia, the absence of motile sperm [47] . However, these cases are considered "rare," and for most men, the average ejaculate contains sperm with a mixture of good-and poor-quality spermatozoa. As such, the most logical way to define fertility is to assess sperm parameters such as morphology, motility, and cell numbers. Yet, the shortcomings of this approach have been widely recognized, not the least by the WHO, which has since revised its criteria and sperm parameters and "fertility" no less than five separate occasions. Complicating matters, the standardization of a semen analysis has shown to be particularly difficult [8, 48] , especially as different laboratories handle the samples in different ways. For the most part, infertile men tend to produce fewer spermatozoa, and of the ones they do produce, they are generally more defective cells. In fact, it is unlikely that male infertility is simply binominal equation (i.e., men are either fertile or not), but more likely that men have a degree of fertility. Indeed, the "time-topregnancy" graphs clearly demonstrate different fertility rates within couples [49] and to some degree, poor sperm morphology, motility, and cell numbers correlate to male subfertility [50, 51] . This sliding scale can perhaps be predicted if we had a better measure of spermatozoa. However, understanding what is morphologically "normal" spermatozoa can be technically challenging [48] . A potential way to overcome this is to look at protein expression, which is easy to standardize and measure. However, before this can occur, the plausibility of this approach needs to be ascertained. Herein, we have identified proteins, whose overall abundance was different when comparing good-and poor-quality sperm. By using the technique of SWATH-MS, we quantified 2774 proteins and found that 275 proteins were differentially expressed between the two sperm populations. This equated to 171 and 104 proteins that were more or less abundant in the 90%-Percoll sperm populations compared to the 60% Percoll, respectively.
In proof of concept, two of these proteins, namely ODF3 and ADAM32, were confirmed to present with a change in their abundance using both immunoblotting and immunoctyochemical analysis. The case of ODF3 is particularly interesting. The transcript for ODF3 (otherwise known as Shippo 1) was found to be exclusively expressed in haploid germ cells, while the protein itself was localized to the flagella of elongating spermatids [52] . We found that many of the poor-quality sperm demonstrated complete flagella and, in some cases, partial head staining (Figure 7) . In contrast, sperm of good quality had midpiece and head staining only ( Figure 7B and C) . Unfortunately, the ODF3 knockout mouse has not been produced and until such time it will be difficult to determine the proteins' true function. Remarkably, we have reported a second member of the ODF family, namely outer dense fiber of sperm tails 1 (ODF1) as a candidate biomarker for male infertility [38] . In this case, ODF1 was lacking in men that were infertile (a diagnosis that was based on unprotected sexual intercourse for 1 year and no obvious female factor involvement), yet the semen parameters were all normal according to the WHO criteria [38] . The sperm from men lacking ODF1 were found to decapitate, which was also consistent with the knockout mouse [53] .
While the function of ODF3 remains unclear, the finding that the Coiled-coil domain-containing protein 183 (CCDC183) was lower within poor-quality spermatozoa was intriguing. When isolated using Percoll gradients, it is very clear how different the two populations are in regard to motility. The 90%-Percoll sperm fraction are at least 90% motile, while the 60% Percoll present with poor motility ( Figure 1A ). Nonsense mutations in the ortholog of CCDC183 in Drosophilia (CCDC151) cause primary ciliary dyskinesia [44] . As such, it stands to reason that a lack of CCDC183 in human sperm may explain the poor motility [44] .
Besides ODF3 and CCDC183, there were many other proteins that were found to discriminate between the good-and poor-quality sperm. By looking at gene ontology functions, our initial concern was that the majority of proteins that we detected were cytoplasmic in origin. The major issue here being that some of the less dense sperm have residual cytoplasm which can easily be diagnosed using phase microscopy without the need for protein biomarkers. For example, the major gene ontology function in which proteins appeared to be higher in abundance within the 60%-Percoll sperm fraction was protein translation (both the initiation of, and actual translation of the mRNA sequence into a protein). These include members of the eukaryotic translation initiation factor complex, ribosomal proteins, and transfer RNA synthases; all of which are located in the cytoplasm. However, by taking proteins that were at least 5-fold upregulated and looking at the subcellular location, we found that while 33% of these proteins were localized to the cytoplasm, 24%, 15%, and 9% were localized to the nucleus, mitochondria, and membrane, respectively. Thus, 66% of the proteins were not of cytoplasmic origin, demonstrating that other (noncytoplasmic) protein need to be looked at to obtain the fertility status of a man.
Indeed, others have shown that proteins (both of cytoplasmic and non-cytoplasmic origin) that distinguish between good and poorquality sperm ( Table 2) . Comparison of our data to that shown in Table 2 showed remarkable validation of most of all proteins (except for Aspartate aminotransferase, cytoplasmic (AATC) and ODF2, both of which did not show a significant t-test in our hands). Furthermore, 11 of the proteins passed the B-H correction. However, in all cases, while a statistical significance is validated, none of them pass the <2-fold criteria applied to our current dataset. Thus, it still remains to be shown if many of these biomarkers presented in Table 2 are truly biologically relevant.
In addition to the individual proteins (Table 2) , large-scale proteomic analysis has been performed on asthenozoospermic and normal controls [54] (recently been reviewed [55] ). One major report demonstrated ∼450 protein changes that occurred between asthenozoospermic vs normozoospermic samples [54] . A comparison of this dataset to ours demonstrated that 55 proteins were commonly regulated. Although this is a long way off from the 450 reported by that study, there is a large difference in the starting material. While Saraswat and colleagues [54] have used both sperm and seminal fluid in their analysis, the present study uses only sperm cells. It should be noted that seminal fluid contains many thousands of proteins of particularly high abundance [55] . Despite this, of the 55 proteins commonly reported, all were upregulated in the 90% sperm Percoll (albeit many did not pass the B-H correction). Those proteins found in common are marked with an "X" in Supplementary  Table SII. A second major report comparing asthenozoospermic and normozoospermic samples showed 80 protein differences using a label (TMT) analysis [56] . Comparing these dataset to our present findings showed that 43 (61%) were shown to be statistically significant in both studies. However, from our dataset only 10 pass the filter criteria of being at least 2-fold different between samples, suggesting that these may be of lesser importance than the higher abundant changes seen in this present study. These are marked with an "X" in Supplementary Table SII in the column "Amaral et al." The commonality between the data obtained from our results to those obtained from fertile/infertile studies strongly suggests that the use of Percoll to isolate out good-and poor-quality sperm is a valid approach as a model for infertility. Indeed, it also aligns with the notion that "infertile" men (with the exception of azoospermia, rare cases of globozoospermia, or total lack of sperm motility) is a scale, rather than a case of the binomial concept of "infertile" or "fertile."
One final protein group that is often looked at in terms of fertility status of men is protamines (PRM). Chromatin compaction and the ratio of PRM1 to PRM2 often change within infertile men [57] [58] [59] . Indeed, in our characterization of the poor-quality sperm, we see higher levels of CMA 3 staining ( Figure 1B ). PRM are highly charged, small proteins that replace histones within a developing spermatid that enables higher compaction (and therefore protection) of the DNA. Originally reported by Balhorn, the ratio of PRM2 was 1:1.58 within fertile:infertile samples, while that of PRM1 remained Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/2/395/4710311 by OUP site access user on 04 October 2018 Table 1 from the poor (60% Percoll) and good (90% Percoll) quality sperm are shown.
the same [58, 60] . This suggested that PRM2 was more prominent than PRM1 within infertile sperm. PRM2 (both the canonical and spliced isoforms) have less cysteine content that P1, and therefore the implication was that the DNA of infertile men was less compacted due to less disulfide bonding. However, as best reviewed by Oliva [59] , the ratio of PRM1:PRM2 has now been looked at in many different studies and a definite consensus on whether this is a true indicator of fertility is to be reached. Certainly, while some agree with Balhorn, others have shown PRM1 content to be higher or no different to that of PRM2 within infertile samples (see review by [59] ). Of interest in our analysis, we saw a significant regulation, with PRM2 being ∼3.0-fold (P = 0.008) higher in defective sperm ( Figure 8 ; Supplementary Table SII) . Unfortunately, we cannot quantify PRM1 due to the abundance of lysine and arginine in that protein (trypsin cuts up into too small fragments for mass spectrometry analysis). However, when looking at the level of PRM2 within individual donors, what we noted was significant donor variation and even in some defective sperm populations arguably the level of PRM2 is consistent with good sperm populations ( Figure 8 ). Thus, it is likely that low levels of PRM2 are specific to individual samples.
In conclusion, we have found several proteins whose expression appears to correlate well with high-and low-quality spermatozoa even in multiple ejaculates from the same men.
Supplementary data
Supplementary data are available at BIOLRE online. Supplementary Table III . Proteins that were found more abundant in the 60% Percoll fraction are shown, together with the t-test and fold-change. Supplementary Table IV. Proteins that were found more abundant in the 90% Percoll fraction are shown, together with the t-test and fold-change.
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